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| Preface

i
i
4
;
t

Studies of generating thrust augmentation by means

of a jet ejector cover the past two decades. Nevertheless,

due to the complicated flow mechanisms occurring in the
ejector, namely, flow entrainment by viscous forces and
energy transfer between flows, the theory of predicting an
ejector performance has to rely heavily on data.from
experiments. The problem of developing a theory that can

predict the performance of an ejector, is more acute in

short ejectors, which are the ones needed to be incor-
porated into a VIOL aircraft's wing.
This study was done to contribute additional data

on the design aspects and performance of a short ejector,

which utilizes a center nozzle, coanda nozzles and BLC P

nozzles.

The ejector itself is highly variable (seven

geometrical variables and three inlets with adjustable air
i supply) and can be used for additional investigation. 3
In order to accomplish this study I was helped by ¢
many, whom I want to thank. Many thanks to:
« Dr. Franke, my thesis advisor for his guidance
| and help.

* Dr. Nagaraja, my thesis sponsor, for his help-

’ ful remarks.
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| .; « Dr. Elrod and Dr. Wright, members of the Com-

ié mittee.

EE « Mr., Shortt, head of AFIT fabrication shop, Mr.

! Brohas and Mr. Murry, for their ingenuity in

3 fabricating the ejector.

; *» Capt. Hayes and Mr. Baker for their help in the
labératory.

+ Last but not least, my wife, Elana, and my two
sons, Erel and Oren, that by their presence

helped me to concentrate on my studies.

Eli Kedem
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Abstract

A short rectangular throat ejector was constructed
and tested to determine the effects of a number of vari-
ables on thrust augmentation and mass augmentation. The
variables included those associated with geometry (e.g.,
diffuser length/throat length, diffuser area ratio, dif-
fuser sidewall angle, nozzle angles and positions) and
those due to differences in primary mass flow rate distri-
butions among the nozzles.

There were two kinds of thrust augmentation that
were calculated; the free thrust augmenting ratio and
the isentropic thrust augmenting ratio. The free thrust
augmenting ratio is the ratio of the ejector's measured
thrust to the sum of the nozzles' measured thrust, if each
of them were discharged separately to ambient pressure.
The isentropic thrust augmenting ratio is the ratio of the
ejector's measured thrust to the calculated thrust of the
nozzles if discharged isentropically to the ambient
pressure,

A free thrust augmentating ratio as high as l.e3
and an isentropic thrust augmenting ratio of up to 1.29
were obtained., Mass augmentation which is the ratio of
secondary flow to primary flow was in the range of 3.5 to

5. Some conclusions concerning design aspects were drawn

also. They include the necessity of 3-D shrouding for the

[T




ejector's inlet and exit and the prevention of blowing
high velocity air (primary and BLC flow) tangential to the

ejector walls.
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AN EXPERIMENTAL STUDY OF STATIC THRUST
AUGMENTATION USING A 2-D

VARIABLE EJECTOR

I. Introduction

One of the methods used to generate lift on a
Vertical Take-Off and Landing (VTOL) aircraft involves an
augmentor wing with a spanwise ejector. This allows an
increase in the vertical thrust generated by the exhaust
flow of the engine. Generally, this method, if optimized,
enables the use of a smaller and more economical engine
than that needed by other methods of vertical lift genera-

tors, like tilt wing, tilt propeller and vectored thrust.

Jet Ejector Principle

The jet ejector (Fig. 1) is a device in which a
secondary, or driven, fluid is entrained by a primary, or
actuating, fluid with subsequent transfer of energy through
turbulent mixing. The primary fluid, which is originally
at a higher stagnation pressure, is discharged with a high
velocity into the mixing chamber of a specific shape. Due
to viscous shear, the fluid surrounding the primary flow
is brought into motion at the entrance of the mixing

chamber. This motion causes a drop of static pressure, as i
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Fig. 1. Jet Ejector Principle
a result of which the secondary fluid (usually ambient
air) is entrained into the mixing chamber. The secondary
flow thus induced, mixes turbulently with the primary jet
in the mixing chamber and in the diffuser and energy
transfer occurs. The main function of the diffuser is to
lower the pressure in the mixing chamber, thus enhancing
the larger secondary flow. As a result of the pumping
action as described above, the total momentum of the mixed
flow at the ejector's exit is increased due to the

entrainment of the secondary fluid, as compared with the

momentum of the primary jet discharged isentropically




directly to ambient pressure. Jet thrust augmentation is

thus achieved.

é Coanda Effect ;

3 The deflection of a plane wall jet by its adjacent
boundary is called the Coanda effect (Ref 8). A plane ;
wall jet, when blowing over a convex curved surface will i
| remain attached to the curved surface through a con- j
| siderable range of deflection angles. This capability is

shown in Fig. 2. The attached jet also entrains mass from

its surroundings because the pressure in the jet due to

Edge of Wall Jet

4 R
P! a—
3 -
i ’ -

~
=
/ Wall Jet

D e W g N
_,JL' Separation
/ P
A7
\
X

a

~ «— Wall Jet

Fig. 2. The Coanda Effect (Ref 8)
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flow curvature is less than the atmospheric pressure. Due
to mass entrainment and viscous dissipation, the wall jet

thickens, which in turn causes the wall jet pressure to

increase. The wall jet finally entrains enough mass to
cause the pressure to increase to approximately the ambi-
ent pressure. At this point the jet usually separates.

¥ Ejector and Nozzle
' Configurations

In order to optimize the performance of ejectors,
several approaches were used in various designs (Refs 4,
5, 6, and 7). Some of these ejectors and nozzles are
shown in Fig. 3. The three main considerations in

improving the performance of thrust augmenting ejectors

are:

1. Enhancing the ratio of secondary to primary
flow.

2, Increasing the amount of energy transfer bet-
ween the primary and secondary flow.

3. Preventing stall in the diffuser.

These needs were met in the designs shown. For instance,

the hypermixing nozzle and the cross slot nozzle increase
the contact surfaces between the secondary and primary

flow, thus increasing the amount of secondary flow and

improving the energy transfer. The relative long and
small angle diffuser allows more time for the energy

transfer to take place without causing a diffuser stall.

o
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Slot Center
Nozzle (Ref 5)

A - Air Force VTOL (Ref.
B - NA-Rockwell Columbus (Ref 7)
C - Alperin (Ref 4)

Hypermixing & Vel \ 4
Antiseparation
Nozzles

(Ref.

Cross Section View of a VTOL Aircraft's Wing (Ref. 7)

w?@[; .\
Ry —
Hovering Transition Cruise
Fig. 3. Ejector Configurations
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The ejectors with short diffusers and higher opening
angles need BLC or antiseparation nozzles (Fig. 3). A way
to incorporate an ejector into a VIOL aircraft's wing is

also shown in Fig. 3.

Purpose and Objective

The purpose of this work was:

1. Finding the influence of the geometrical
variables of a short ejector on thrust augmentation.

2. Checking the influence of the primary flow
distribution on thrust augmentation,

3. Determining the influence of the variables and

the flow regime on the design aspects of short ejectors.

Approach

In this study a short rectangular ejector was
designed and fabricated. Its thurst was compared with
values of thrust calculated two different ways. The com-
parisons were actually made by defining two different
thrust augmenting ratios: The free thrust augmenting
ratio and the isentropic thrust augmenting ratio. The
free thrust augmenting ratio is the ratio of the ejector's
measured thrust to the sum of the nozzles' measured thrust,
if each of them were discharged separately to the ambient
pressure. The isentropic thrust augmenting ratio is the
ratio of the ejector's measured thrust to the calculated
thrust of the nozzles if discharged isentropically to the

ambient pressure.

B T vann




In order to be able to calculate values of the

free thrust augmentation, the thrust of each nozzle had to

be calibrated as a function of its total pressure. The
thrust of the ejector was then measured for various
geometrical configurations and different primary mass flow
rate distributions. The free thrust augmentation results
obtained dictated the necessity of some modification
(.e.g, shrouds at ejector's inlet and exit, reduced span
of center nozzle, greater air supply to end-wall nozzles).
The modified ejector defined as "shrouded ejector" was
then tested in the same manner as the original unshrouded
ejector.

Values of mass augmentation were calculated using
the total mass flow at the ejectors exit and the primary
flow. The total mass flow was measured by scanning the
total pressure across the exit area. The primary flow was

calculated using the upstream pressure in the air supply

e aanancd s
TR ATy

pipes and values of the pressure drop through the
4 measuring orifices., Some design aspects were drawn when

analyzing flow phenomené in conjunction with the thrust

gains obtained.




II. Apparatus

The exprimental appratus consisted of:
1. The ejector.
2. Air supply system.

3. Instrumentation.

The Ejector

The ejector (Figs. 4, 5, and 6) had a rectangular
cross section (span 6.5 in) and a variable height. It
consisted of the following components: ]

1. Center nozzle.

2. Coanda cylinders.

3. Side walls.

4. Diffuser cylinders.
. 5. Diffuser.
; % 6. End walls.
| t 7. End-wall nozzles.

8. Inlet and exit vertical shrouds.

All the components were made of aluminum, except
the end walls, which were made of plexiglass.

The center nozzle had a plane rectangular slot

with a gap of 0.080 in. Total and static pressures were
| measured at taps located in the plenum chamber (e.g., the

cylindrical section of the nozzle's housing) and at the

exit, respectively. 1In order to maintain a uniform




Inlet (Each Side)

Intermediate Cylinder

End-wWall
Support

L//f—-End—Wall

|_—Cylinders
Support

|~ Inlet (Each
Side)
" Coanda
Cylinder
& Nozzle
Center
Nozzle

Diffuser End-Wall Sidewall
(Each Sside)

Fig. 4. Ejector Nomenclature and Variables
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Fig. 5. Photograph of Unshrouded Ejector {(Inlet View)
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Fig. 6. Photograph of Unshrouded Ejector (Exit View)
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spanwise flow, the air was introduced through a perforated
pipe inserted in the nozzle's chamber. The position of
the nozzle relative to the ejector could be varied by
horizontal (0.695I1152.65 in) and vertical sliding. The
span of the nozzle was 6.3 in. in the unshrouded ejector
and 5.275 in. in the shrouded ejector configurations.

The two Coanda cylinders were located at the

entrance of the ejector, and were utilized as sidewall
nozzles and also served as inlet shrouds. Each had a rec-
tangular exit slot (0.05 in.), which was strengthened by
three cross pins in order to maintain constant exit area
even under pressure., The cylinders could be rotated inde-
pendently (0<6<70°), Fig. 4. The flow was introduced into
the cylinder through a perforated pipe as in the case of
the center nozzle. A total pressure tap was located in
each cylinder.

The sidewalls and the fixed end walls formed the
mixing chamber. The sidewalls could be adjusted to a
desired opening angle (0<y<35°), Fig. 4. Three static
pressure taps were located at the upstream edge of the
sidewalls,

The two diffuser cylinders were located at the

diffuser entrance. Each had a rectangular exit slot

(0.03") which was strengthened by three cross pins like in’

the Coanda cylinder. A total pressure tap was located in
each cylinder. The cylinder could be rotated relative to

the sidewall of the mixing chamber. The flow was

12




introduced into the cylinder through eight inlet fittings

that were attached to flexible tubes from an intermediate
cylinder. This arrangement enabled the diffuser cylinder
to slide along the end walls, thus allowing the opening
angle of the diffuser to be varied. The diffuser cylinder
could be replaced by dummy cylinders without nozzles.

The diffuser was formed by the fixed end walls and
the two variable sidewalls which were attached to the dif-
fuser cylinders. The diffuser cylinder could be rotated
relative to the sidewall of the mixing chamber (0<a<20),
Fig. 4. Three static pressure taps were located at the
upstream edge of the diffuser.

The end walls were made of plexiglass. Their
height was varied by installing various center inserts,
thus changing the ratio of throat area to nozzle area.
Three static pressure taps were located along the center
inserts.

The four end-wall nozzles were located on the

center inserts and their flow direction could be
adjusted. Their function was to energize the thickening
boundary layer on the end walls. Air was supplied to the
nozzles from a branch of the diffuser manifold.

The inlet and exit shrouds (Fig. 7) were added

to improve the performance of the unshrouded ejector. The
top and bottom edges of the inlet shrouds were bent a
little to be more compatible with the inflow direction.

The exit shrouds were bent outward by 4 deg.

13




Fig. 7. 1Inlet and Exit Vertical Shrouds

Air Supply System

{ The primary air was supplied by two laboratory
compressors. The compressed air was fed into three main
pipes (Fig. 8), which were connected to flexible tubes and
manifolds in the inlets of the following components:

1. Center nozzle.

2. Coanda nozzles,

3. Diffuser nozzles.

4. End-wall nozzles (branched from diffuser

manifold).

14
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tﬂ :D :UValve
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T T [
Diffuser Coanda Center

Fig. 8. Air Supply System

The flexible tubes connecting the manifolds and
the ejector inlets were positioned perpendicular to the
ejector in order to eliminate any influence of the
increased rigidity of the pressurized tubes on the
measured thrust.

The primary mass-flow rate was calculated by
measuring the upstream pressure and the pressure drop
through a given orifice located in each of the three main
pipes. The upstream temperature was taken as the ambient

temperature.

Instrumentation

Instrumentation requirements were concerned mainly
with measurements of geometric dimensions, total and sta-

tic pressure, thrust and mass flow rate.

15
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The geometric variables LN’ W, 6, ¥, o shown in
Fig. 4 were measured directly. The exit areas of the
nozzles were fixed. The area and length ratios were
derived from the above variables.

Total and static pressures were measured with
U-tubes filled_with water or mercury. Total pressures
were measured at the following locations:

1. Center nozzle chamber (1).

2. Coanda cylinders (2).

3. Diffuser cylinders (2).

4. Diffuser.manifold (1).

5. Scanning pitot tube (1).

Static pressures were measured at the following
locations:

1. Center nozzle exit (1).

2. Upstream edge of mixing chamber sidwalls (6).

3. Upstream edge of diffuser sidewall (6).

4. Center inserts of end walls (6).

Static upstream pressure and pressure drop through
measuring orifices were measured in the three supply
pipes. The locations of the pressure taps are shown in
Fig. 9.

The thrust of the éjector was exerted by cables,
pulleys, and lever mechanisms on a strain gauge, while the’
ejector was hanging as a pendulum (Figs. 10 and 1l). The
strain gauge was a part of a Wheatstone Bridge. The

exerted force disturbed the equilibrium of the bridge,

16
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Fig. 9. Total and Static Pressure Taps
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Fig. 10. Sketch of Ejector Installation
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which was gained back by a variable resistor. The resistor
which was built-in the strain meter was calibrated with
standard weights.

Flow phenomena were traced by the behavior of a
light tuft in the flow. The tuft was attached to the tip
of the hand-held slender rod.
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I1I. Experimental Procedures and Data Reduction

The experiments were run in two phases:

1. Thrust calibrations were done separately for
each of the following nozzles:

a. The center nozzle (full and reduced span).

b. The Coanda nozzles.

c. The diffuser nozzles (including 'the end-
Qall nozzles,

d. The end-wall nozzles by themselves.

2. Thrust measurement of various geometric con-
figurations and different primary flow distributions.
Initially, runs were made on the unshrouded ejector with a
wide range of variables, in pursuit of the best flow/
geometry configuration. Then runs were made on the
shrouded ejector that were focused on the promising con-
figuration found through the results and analysis of the
initial runs. During a few tests total mass flow measure-

ments were made in both ejectors (unshrouded, shrouded).

Thrust Equation

The equation for calculating the isentropic thrust

of a nozzle which is discharged to ambient pressure is:

Fy = AP, [(P,/P,) 02857 1) (1)
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This equation is obtained by substituting the equation for

velocity of an isentropic compressible flow (equation 2)
into the equation of momentum flux (equation 3). Using

Y = 104.

-1
P P Y
=\|2y _af|l_t - 2
Vg -1 5, [Pa] 1 (2)
F. = p. A V2 (3)
1 a e e

Note that the isentropic thrust of a nozzle is independent

of temperature.

Thrust Calibration of
the Nozzles

In order to calculate the free thrust augmentation
bgr the ﬁhrust of each nozzle was measured separately
(i.e., not assembled in the ejector) when the pressure in
the nozzle plenum was discharged to ambient pressure. The
thrust obtained was defined as the free thrust of the
nozzle. The isentropic thrust was calculated by substi-
tuting the measured absolute total pressure and the abso-
lute ambient pressure in Eg. (1).

The Coanda and diffuser nozzle were tested with the
sidewall in place; otherwise the flow would surround the

cylinder due to the Coanda effect, and the thrust could
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not be measured. The calibration of the diffuser nozzle

was done with the end-wall nozzles in place.

Data Reduction for
Nozzle Thrust

To account for losses in the insentropic thrust,
loss coefficients were calculated as follows: Eq. (1) was

rearranged to Eq. (4).

In|szi5—| + 1 =0.2857 In |p
7Aepa a

For isentropic flow without losses, the RHS equals the
LHS. The outcome using the measured free thrust Ff for
various total pressures instead of the isentropic thrust

Fi is a relation of the form

Ff Pt X
= *xQ . —l +
1n -7—--———Aepa + 1 Kl 0.2857 1n Pa 2 (5)

where Kl and K2 are loss coefficients that were found by
linear regression of the data obtained for each nozzle,
and are given in Table I.

The free thrust of the nozzle is:
1

-1 (6)

£ e a P

K P )0.2857*K
F, = 7A_P e 2+ |t
a
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TABLE I

NOZZLE'S LOSS COEFFICIENTS

Nozzle Kl K2
Upper Coanda 0.709604 0.007539
Lower Coanda 0.645095 0.0025
Upper Diffuser 0.64963 0.00196'
Lower Diffuser 0.38934 0.001885
End wWall 0.221 0.00313

Primary Flow Calculations

The primary flow calculations were based on the
ASME procedure described in Ref 3. Two variables were
considered in these calculations. The upstream pressure
in the air supply pipe and the pressure drop through a
measuring orifice. Detailed explanations of the calcula-

tion method are given in Appendix A.

Total and Secondary Flow
Calculations

The total outflow at the ejector's exit was

calcuated using the continuity equation
m = pAV (7)

wheJe p was taken as the ambient density, which is

justified for subsonic flow. The exit area was divided
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into rectangular subareas to account for the nonuniform
velocity across the exit, and the velocity for each
subarea was taken as the average of the velocities in its
four corners.

The velocities at the corners of the subareas were
measured with a pitot tube. The sum of the flows through
the subareas was the total flow. Detailed explanations of
the program used for total flow calculations are given in
Appendix B.

The secondary flow is the difference Hetween the

total flow and the primary flow.




IV. Results and Analysis

The results and analysis discussed in this chapter
are divided into four categories:

1. Calibration results of the nozzles.

2. General flow phenomena.

3. Thrust augmentation results.

4. Ejector‘'s exit flow results.

Calibration Results of the Nozzles

Center Nozzle

The center nozzle free thrust was within 1 percent
of the insentropic thrust for both spans (original and
reduced). This means that a rectangular straight nozzle

with a converging plenum can be assumed for design pur-

poses having no losses. The reason for no-losses in such
a nozzle is that the converging geometry toward the exit,
generates small velocities near the walls of the nozzle

housing while the maximum velocity is at the exit.

Coanda and Diffuser Nozzles

Fig. 12 shows the free thrust [Eg. (6)] for each

of the Coanda and diffuser nozzles and their insentropic

thrust (Eq. (1)].
Fig. 13 gives the ratio of the isentropic thrust

to the free thrust of the nozzles. Note that the thrust
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of the diffuser nozzle includes also the thrust of the two

adjacent end-wall nozzles.

Fig. 14 shows the same variables for the end-wall

nozzles by themselves,

:
: 4~ 'ZF
r 3_ B

- w
3 m

\1‘2 A 1

[

W
1+ B -
W I N U S | [ R TS T B
1l 1.1 1.2 1{3 1 1.1 1.2 1.3
P /P, P./P,

Fig. 14. Thrust and Thrust Ratio vs. Pressure Ratio
for End-Wall Nozzles

From the graphs it can be seen that:

1. The isentropic thrust of each nczzle is
reduced when the air jet is blown tangential to a wall.
This is shown in Figs. 12 to 14 where the free thrust is
less than the isentropic thrust.

2. The thrust ratio Fi/Ff of the diffuser nozzle
was better (Fi/Ff lower, Fig. 13) than that of the Coanda

nozzle, because of the shorter sidewall's length its flow

29

e . . aalk




had to travel. Without the inclusion of the two adjacent

end-wall nozzles, the thrust ratio would have been even
better.

3. The difference in thrust between nozzles of
the same type is probably due to measurement errors.
Locations of total pressure taps and asymmetries in fabri-
cation,

4. The thrust loss of the end-wall nozzles is
high, due to three reasons:

a. The outflow has a fan-like pattern, and it
is not directed entirely parallel to the flow direction.

b. The jets are directed tangential to the
end walls.

c. The total pressure is measured in the

manifold and not near the exit.

General Flow Phenomena

The flow phenomena are described for both the
unshrouded and shrouded ejector. The shrouded ejector
configuration is a modified version of the original ejec-
tor that was unshrouded. The ejector modifications were
done following the results and flow analysis of the
unshrouded ejector. They included not only vertical
shrouds (Fig. 7), but also a reduction of 15 percent to
the center nozzle's span and blocking off the air supply

to the diffuser nozzles, such that the air supply to the

end-wall nozzles could be controlled directly.




The flow phenomena were traced by a light tuft
attached to the tip of a slender hand-held rod. The
direction, fluctuation and swirl of the tuft provided a
visual indication of the flow, including vortices, tur-
bulency and stall regions.

Flow Phenomena in
Unshrouded Ejector

The relatively poor performance of the qnshrouded
ejector was due to:

1. Vortex flow at the inlet, shown in Fig. 15,
that distorted the uniform velocity profile of the

nozzle's exit jet. Although the vortices increased the

Fig. 15. Vortex Flow at Ejector Inlet
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turbulent flow in the ejector and contributed to the flow
mixing, they were--according to the results--very dissipa-
tive.

2, Local stall regions at the two ends of the
horizontal center line of the ejector exit. The stall

regions are shown in Fig. 16.

Top View--Center Section
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Fig. 16. Local Stall Region in the Ejector
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Flow Phenomena in
Shrouded Ejector

The modification mentioned earlier improved sig-
nificantly the flow characteristics in the ejector by eli-
minating or reducing the vortices in the inlet and the
stall regions at the exit. Thus, the flow became more two

dimensional and smoother, although some turbulent spots

could still be detected.




¢ R TP et

The vertical inlet shrouds caused a reduction in
the flow at the inlet of the ejector. This caused a
reverse flow (Fig. 17) generated by the low pressure
region at the inlet. This reverse flow along the

ejector's sides reduced the ejector's thrust.
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Fig. 17. Reverse Flow

Another general flow phenomenon found (in both the
shrouded and the unshrouded ejectors) was a bi-stable
stall (Fig. 18) when the center nozzle jet was on by
itself. The stall occurred even with parallel diffuser
sidewalls, if the throat width and the center nozzle loca-
tion were such that the diverging jet could not touch both
sidewalls simultaneously. This penomenon is due to the

Coanda effect.
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Fig., 18. Center Nozzle Jet's Stall

Thrust Augmentation Results

Thrust augmentation results are given for both the
unshrouded and shrouded ejector. 1In both ejectors only
three throat widths were investigated (w=1.56, 2.24, 2.9
in.). Although the geometrical variables (¥, 6, «, LN)
and the flow distribution could be changed continuously,
some distinct values were chosen to limit the amount of
runs. Three values of LN (inner most, outer most, and
intermediate) and three values of 6 (0, maximum possible,
and intermediate) were selected. The maximum values of ©
depended on y and are given in Table II. Four values of ¥
(0, 10, 15, and 20 degs) were chosen. | was the most sen-

sitive geometric variable, since a small change in the
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variable caused a significant change in thrust. The
selection of the flow distribution among the nozzles was
such that in each case one nozzle was the dominant primary
flow nozzle. The selected values are given in Tables III,
IV, and V. For clarity all the values are designated and

these designations are used in the presentation of the

results.

TABLE II
Smax VALUES
¥, deg emax » deg
0 70
10 65
15 60

20 55




—y
TABLE III
LN/W VALUES
W Ly Ly/W
Designation (in) (in)
Unshrouded
Ly /W1 1.56 0.69 0.44
LN/WZ 1.72 1.10
LN/W3 2.75 1.76
LN/W4 2.24 0.69 0.31
LN/WS 1.72 0.77
LN/WG 2.75 1.23
LN/W7 2.91 2.75 1.06
Shrouded
R: LN/WQ 2.65 0.85
LN/Wlo 2.91 2.65 1.1
]
1
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TABLE IV
AR VALUES
Throat Center and
Area Coanda Nozzles
Designation (in?) Area (in?2) AR
Unshrouded
ARl 10.15 1.14 8.8
AR2 14,54 1.14 12.7
AR3 18.93 1.14 l6.6
Shrouded
AR4 10.15 1.06 9.6
ARS 14.54 1.06 13.7
AR6 18.93 1.06 17.8
37
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TABLE V

DISTRIBUTION OF PRIMARY MASS FLOW VALUES

Percent of Primary Flow Through Nozzles

Designations Center Coanda Diffuser* End-wall

Unshrouded

MR1 50 26 24 N/A**

MR2 21 52 27 N/A

MR3 36 28 36 N/A
Shrouded

MR4 54 41 N/A 5

MRS 34 62 N/A 4

MR6 36 64 N/A 0

*Includes four end-wall nozzles.

**Not applicable.
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Results for Unshrouded Ejector

(Figs. 19 through 27)

1. The first feature that is dominant in all the
curves is that the best performance was obtained wherever
the Coanda nozzles were providing the main primary flow
(MR2) .

2. The best thrust performance obtained with MR2
occurred when =10 deg and

30 or 60 deg for ARl.

o
@
[}

60 deg for AR2.
Thus, there was a tendancy for the optimum 6 to increase
with increase in AR. It will be shown later for the

shrouded- ejector that 6 optimum should be in the neigh-

m'm"*"wm-wwm\wvvww A
[+])
.
<D
1]

borhood of 60 deg.

3. There is a clearly expressed decrease in per-
formance going from y¢=10 to 20 deg in all curves. This
decrease is due to regions of local stalls (discussed

earlier) that are enlarged by higher diffuser angles. The

end-wall nozzles were not capable of preventing these
stalls because the lack of compressed air alloted to
them by the diffuser nozzles,

4. The thrust performance when the diffuser
nozzles were providing the main primary flow (MR3), was in
some cases relatively poor (Figs. 23, 24 and 25). The only

configuration that ¢f was less than one was obtained in MR3

(Fig. 21).
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5. Performance was less for 6=0 deg for all MR2
in comparison to 6=30 and 60 degrees because the entrain-

ment capability of the Coanda nozzles was not utilized

(Figs. 19, 20, 21, 23, 24, and 25).

6. Coanda flow at the maximum 6 angles for MR1
and MR3 was most wasteful because high 6 angles caused
stronger vortex flow into the inlet and did not reduce the
local stall regions at the exit. This led to a reduction
i in the thrust that could have been obtained by the center

nozzle or the diffuser nozzle as the main primary nozzles

Ve ETT TR AT T L e e ot A

(Figs. 19, 20, 21, and 25).

7. The influences of Lﬁ/w on ¢ seems to have

sometimes a contradictory behavior. For instance, com-

paring for the case MR2 and =10 deg in Figs. 22 and 26 at
different AR shows that no significant change occurs in
¢f due to location of the center nozzle, except for 6=0 deg

and the lower AR where there is a significant increase in

} thrust when the center nozzle is closer to the diffuser.
The reason is that in at lower AR when 6=0 deg the flow
from the Coanda nozzles was able to decrease the local

: stalls at the exist, thus decreasing the losses of the

direct thrust of the center nozzle. The nearer the jet of

the center nozzle was to the exit, the less losses it suf-

fered and thus the increased thrust.

8. An overview of the results from the unshrouded

ejector shows that results cannot always be predicted
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from other results, aside from the common features that
were already mentioned. Examples of the unpredicted beha-
vior are:

a. ¢f for the cases of MRl and MR3 in Figs.
20, 21, 23, 24, and 25 is increasing for an increase in ¢
from 0 to 10 deg, while it is decreasing for the same
change in ¢ in Fig. 19.

b. Of for MR3 is maximum at y=10 deg for all
cases except for LN/W4’ §=30 and 60 deg (Fig. 23) where it
becomes a minimum at that V.

Such a behavior is due mainly to two reasons:

a. Turbulency, vortices and local stalls in
the flow. These undesired phenomena can influence dif-
ferently the thrust for the same change in a given
variable, if a second variable is different, e.qg., ¢f for
y=0 (MR2, 6=30 and 60 deg) increases when sliding the
center nozzle from LN/W3 to LN/WZ while decreasing for the
same change in LN/W when y=10 and 15 deg (Fig. 22).

b. 1Inaccuracy in measurement. The pressure
readings off the U-tubes where taken visually one at a
time, while the pressure supply was not always steady
enough. Besides, the resolution of visual reading of mer-
cury is not good enough for small differences in
pressures.

9. 1In general, it can be said that short ejectors

are less tolerant to shifts from the optimum design.
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Results for Shrouded Ejector

Following the results and analysis of the

unshrouded ejector some modifications were made in the

ejector as mentioned earlier. The performance of the
f shrouded ejector is shown in Figs. 28 and 29.

The main features of these graphs are:

1. The shrouded ejector had a performance better
than that of the unshrouded version. Fig. 28 shows a com-
parison (the white and black circles) of ¢f for the same
configuration shrouded and unshrouded.

2. The results with the shrouded ejector appear

to be more predictable than those from the unshrouded ejec-

tor.
3. Aas in the unshrouded ejector the best perfor-
L mance occurs when the main primary flow is provided by the
Coanda nozzles (MR5).

4, The optimum 6 angle is 60 dgrees.

5. The importance of the end-wall nozzle is
clearly seen in PFigs. 28 and 29 where the flow distribution
for MR5 is almost the same as for MR6, but the thrust gain
decreased by an average of 25 percent without the flow

from the end-wall nozzles.

6. The isentropic augmenting thrust ratio is less
than the free thrust augmenting ratio (Fig. 28). This
reduction is greater for MR5 where the Coanda nozzles are

the main primary nozzles than for MR4 where the center
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nozzle is the main primary nozzle because of ti.e losses of

the Coanda nozzles compared to no-losses in the center

nozzle.

Ejector's Exit Flow Results

In order to get some idea of mass augmentation and
velocity profile at the ejector's exit, measurements for a
few configurations were obtained. Two results are shown
in Fig. 30, and the nomenclature is shown in Fig. 31. The
LHS graphs are from the unshrouded ejector (configquration:
LN=0.69 in, 8=0 deg,.w=0 deg, flow distribution in percent,
center-Coanda-diffuser 45-50-5 percent, ms/mP=3.5). The

RHS graphs are from the shrouded ejector (configuration:

LN=1.5'in., 6=0 deg,¥=10 deg, flow distribution in per-

cent, center-Coanda-end wall 60-35-5 percent, ms/mP=5).

The influence of the flow phcnomena which was discussed
earlier, can be seen in these graphs.
The graphs of the unshrouded ejector show:
;i 1. The vortex flow at the ejector's inlet causing
two velocity peaks in the Coanda Jet.
2. The high gradients in velocity near the walls,
especially for h/H=0, although the center nozzle jet has

the span of the ejector.

1 The graphs of the shrouded ejector show:

1. The velocities across horizontal line are

nearly uniform.
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2. A moderate gradient in velocity at h/H=0 which

means less losses. Recall that in this case, the center

nozzle jet had a reduced span.




V. Conclusions and Recommendations

The first part of this chapter deals with conclu-
sions and recommendations obtained in the following:

1. Thrust calibrations of the nozzles.

2. General flow phenomena investigations.

3. Results from the unshrouded and shrouded ejec-

tors.

The second part is a discussion of future experiments

; suggested from the results of this study.

Nozzle Thrust Calibrations

1. A rectangular, straight nozzle with a con-

verging plenum, discharging to free surroundings, can be
considered isentropic up to 0.8 Mach.

2. The free thrust of a rectangular, flat and
thin slotted (0.05 inch and smaller) nozzle discharging
air tangential to a wall can be reduced up to 0.7 of the
isentropic thrust at the high subsonic Mach number.

3. End-wall nozzles with fan-like jets, have a
negligible direct contribution to the thrust, but are very
important to maintain an orderly flow, thus increasing the

overall thrust.
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General Flow Phenomena Investigation

1. 3-D shroudings at the ejector's inlet and exit
are essential for improving thrust augmentation.

2. In a rectangular ejector, end-wall nozzles
are essential to prevent thrust-reducing stalls.

3. Although turbulent flow at the eject »r inlet
enhénces flow mixing, the end result could be nonbene-

ficial to the thrust,

Results from Unshrouded and Shrouded Ejectors

1. Using the Coanda nozzles as the main primary
nozzles results in best thrust performance. The Coanda
nozzles should be positioned away (Fig. 32) from the inlet
shroud to eliminate the losses due to interaction of high
energy.flow with the walls. Besides, a jet from a shifted
nozzle has two sides to interact with the secondary flow.

2. Reducing the span of the primary nozzle under
the span of the ejector can eliminate anothér source of
losses (Fig. 33).

3. End-wall nozzles or other BLC nozzles have
a negligible direct contribution on the thrust, since they
suffer relatively great losses in their isentropic thrust.
On the other hand, they are very important to maintain a
stall-free flow which is eésential to ejector's perfor-
mance. Fig. 32 (RHS) shows a method where a vane-like BLC

nozzle is extended in the flow. The jet so injected, has
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Fig. 32. Two Methods of BLC
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Fig. 33. Reduced Span of Primary Nozzle
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the benefits of not being blown tangential to the wall and
having two interacting sides with the secondary flow.

4. In a short ejector, part of the thrust is due
to direct thrust of part of the primary jets because of

inability to be mixed with the secondary flow.

Discussion of Future Testing

Comparison of Ejector's
Performances

In order to be able to compare performances of
different thrust augmenting ejectors, it is suggested that
ejectors will be designed to be attached to a standard
apparatus and tested with standard procedures. This
method will allow a comparison of performances on the same
basis and eliminate differences in experimental methods.

The suggested apparatus shown in Fig. 34 is a
pendul%p—like pipe to which the ejector is attached to the
lower flange.

The detailed test procedures are still to be
determined. Two tentative suggestions are:

1. Calculation of the ratio of ejector's thrust
to the thrust of a standard L-shaped circular nozzle for
the same upstream total pressure and mass flow.

2, Comparison of impulse gained from a given
stored energy (e.g., the energy stored in a closed
pressurized given volume, between two reference

pressures) to the impulse obtained by the standard cir-

cular nozzle.




Section A

Section A

Flowmeter

Standard
Circular Nozzle

Strain
Gauge

standard Test Apparatus--Suggestion

34.

Fig.
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& The Circular Ejector

Thrust augmenting ejectors are generally rec-~

tangular in order to incorporate them into a wing of a

VTOL aircraft. A circular ejector with annular nozzle

(Fig. 35) has some advantages (compared to rectangular) v]

j that can make it worthwhile to be considered for a VTOL
; aircraft.
|

Sy
N

ANN

‘-.
-
-
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L3S

/
) -
[ 94

&l «--
W

-—»Primary
--sSecond-
. ary

Fig. 35. Circular Ejector

1. The flow is axisymmetric. No 3-D flow phe-
nomena has to be overcome by shrouds and extra nozzles.

2. Flow losses due to ejector wall are minimized

because the minimal perimeter for a given cross section is’ |

a circle.

I
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An example of application is given in Fig. 36 where two
circular ejectors are installed on a fuselage of a canard
aircraft. The lift for hovering is generated by the
hybrid thrust, meaning that while the exhaust jet is vec-

tored down, the fan pressurized air is supplied to the two

ejectors.

Cruise

Hover

Fig. 36. A Circular Ejector Application

The advantages of such an arrangement in com-
parison to wing-mounted ejectors are:

1. Decrease in weight.

2. Decrease in flow losses.

3, Safer and simpler transition flight mode.

The reasons for the above are:

1. Lighter material, due to use of relative cold

air.




2. No heat isolation is needed.

3. Shorter piping. The fan exit is nearer to the
ejectors.

4. Energy losses of the colder air through the
shorter pipes are lessened.

5. Simple mechanism for rotating the ejector in
transition mode. Wing untouched.

The drag due to the external ejector can be
reduced by rectractable diameter circular ejector and
fairings, Another approach is using the nose segment of

the fuselage as a retractable circular ejector (Fig. 37).
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37.

A Circular Ejector Application
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Appendix A: Primary Flow Calculation

The primary flow calculations were based on the

method described in Ref. 3.

The primary flow is obtained by using the

following equations:

_ ., [DPI*13.57 8
Yy = K3[Tm;)‘ﬁ] t1 (8)

(Pa+PI)*C] (9)

a

~ * * % (10)
m'PI = YI K4 vDP1I Py 13.57

where the values of the constants are given in Table VI.
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Appendix B: Total Flow Calculation Program

The output of program EJECT listed on pages 77,
and 78 gives the following properties at the cross section
of which the input data was entered:

1. Velocity map.

2., Mass flow.

3. Momentum flux.

4. Skewness factor - B.

The program uses a canned program named IBCIEU from IMSL
library which interpolates a 2-D course grid of modal

points data--the input data matrix--into a finer grid by
using a bi-cubic spline method. Fig. 38 illustrates the

two matrices,

Skewness Factor - B

The velocity distribution across any cross-section
along the ejector is, in general, non-uniform. This non-
uniformity may be lumped into a single parameter by the
following definition (Ref. 9:17), assuming constant den-

sity at the cross section.

2 = J
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Eq. (11) means that B is the ratio of momentum flux
through the cross section, to momentum flux due to a uni-
form average velocity.

For reasons of clarity, the g in program EJECT is

calculated as follows:

B = (8~1) * 1000 (12)

Program EJECT--User's Manual

The following sequence of cards should be used for
program EJECT:
JOB CARD
CONTROL CARDS
ATTACH, LIB, IMSL, ID = LIBRARY, SN = ASD.

LIBRARY, LIB.

FTN

LGO

7/8/9

PROGRAM DECK (Listed on pages 74, 75, 76)
7/8/9

DATA DECK

CARD $#1 [I-integar, R-real]

RUN #(I), AMB. PRESS.- PSIA (R),
TEMP at cross section-RANKIN (R), 1

STATIC PRESS. at cross section-

PSIA (R)




CARD #2

? CARD #3A

CARD #3B

CARD #4A

CARD #4B

Output Explanation

the vertical location of

The other eleven columns

-3025, -2.75' -2' -1.25'
3.25.

Number of horizontal scans (1),
location in inches of first
{(upper) scan, location of second
scan, etc. (R).

Number of increments between
first and second scan (I).

Number of increments between
second and third scan (I).

(Note: Number of #3 Cards should
be the number of the horizontal
scan minus 1.)

Pll, P12, P13, etc.

P21, P22, P23, etc.

(Note: PIJ is the gauge total
pressure of the nodal points of
the cross section, expressed in

in inches of water.)

Example of an output is shown in Figs. 39 and 40.

INPUT DATA (Coarse Matrix). The left column is

the horizontal scans (in inches).

are the total pressures (in-water

gauged) at the nodal points. The horizontal station of

the nodal points are (from left to right, in inches)

-0.625, 0, 0.625, 1.25, 2, 2.75,
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TRANSLATED DATA INTO VELOCITIES (FT/SEC). The
same as the INPUT DATA, but the pressures are translated
into velocities.

TRANSLATED SYMMETRIC DATA. The same as the TRANS-
LATED DATA INTO VELOCITIES, but averaging all four sym-
metric modal points to one value. :

REFINED MATRIX LEFT SIDE and C.L. The left column l
is the location of the given and interpolated horizontal
scans (in inches). The other fifteen columns afe the
given and interpolated velocities for the following hori-
zontal stations (left to right, in inches): -3.25, -3.125,
-3, -2.875, -2.75, -2.5, -2, -1.75, -1.5, -1.25, -0.9375,
-0.675, -0.3125, 0.

REFINED MATRIX RIGHT SIDE. The same as REFINE

MATRIX LEFT SIDE, but for the following horizontal sta-

tions (left to right, in inches): 0.3125, 1.675, 0.9375,
l.25, 1.5, 1.75, 2, 2.25, 2.5, 2.75, 2.875, 3, 3.125, 3.25.
The given pressures, temperature, mass flow,

momentum flux, and BETA are self-explanatory.

REFINED SYMMETRIC MATRIX LEFT SIDE and C.L. Trans-
ferring the fine given matrix into a symmetric matrix, by
averaging every four symmetric nodal points.

NORMALIZED MATRIX. The normalized matrix was

generated from REFINED SYMMETRIC MATRIX LEFT SIDE and

C.L. as follows: The lowest velocity was given the value

0, the highest velocity was given the value 10. The range
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between these two velocities was divided to 11 increments.
Each velocity in the matrix was assigned a value between 0
and 10 according to the increment it was in. The result

is the "sky-line" of the velocity's profile.

80




- Ap————— e o @ oo . " " " " . " "

VITA

Eli Kedem was born in Haifa, Israel, on 21 October
1939, After completing high school, he attended the
Technical School of the IAF (Israeli Air Force), and
became an aircraft mechanic. 1In the years 1958-1969, he
served in IAF as a mechanic and technical instructor. 1In
the years 1969-1973, he studied in the Technion--Institute
of Technology, Haifa, Israel, and received his B.,Sc. in

Mechanical Engineering. He continued to serve in the IAF

as a Headquarters Officer and an engineer.

On June 1978 he entered the AFIT Graduate School.

Permanent Address: 25 Reading Street

Tel-Aviv, Israel

81




R T
'A ' UNCLASSIFIED o " il

3 SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)

oo

READ INS o
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM ‘
~ 1. REPORT NUMBER 2. GOVY ACCESSION NO.[ 3. RECIPIENT'S CATALCZU l;UMBER !
/ :
AFIT/GAE/AA/79D 7
4. TITLE (and Subtitle) S. TYPE OF REPORT & PERIOD COVERED
AN EXPERIMENTAL STUDY OF STATIC THRUST MS Thesis
AUGMENTATION USING A 2-D VARIABLE EJECTOR 5 PERFORMING G0 REFORT NUWBER
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s)
ELI KEDEM
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK

AREA & WORK UNIT NUMBERS

Air Force Institute of Technology (AFIT-EN)
Wright-Patterson AFB, Ohio 45433

19. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

December 1979

13. NUMBER OF PAGES

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Olfice) 15. SECURITY CLASS. (of this report) .

Unclassified

152, DECLASSIFICATION/ DOWNGRADING
SCHEDULE

. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited

3 17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

IN_ D
JOSEPH)P. HIPFS;
Director of Pyblic

-

8. SUPPLEMENTARY NOTES

KEY WORDS (Continue on reverse side if necessary and identify by block number)

Ejectors
Thrust Augmentation
V/STOL

[

i
20. AByACT (Continue on reverse side if necessary and identify by block number)

A short rectangular throat ejector was constructed and tested to determine
the effects of a number of varisbles on thrust augmentation and mass
augmentation. The variables included those associated with geomtry (e.g.,
diffuser length/throat length, diffuser area ratio, diffuser sidewall
angle, nozzle angles and positions) and tHose due to differences in primary
mass flow rate distributions among the nozzles.

There were two kinds of thrust augmentation that were calculated:; *he free L

FORM
DD ,an 73 473  =oimion oF t nov 6815 OBSOLETE UNCLASSTFZEn

SECURITY CLASSIFICATION "f ‘w & PaGE W Nes b oer




AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OH SCHOO=~ETC F/G 21/8
AN EXPERIMENTAL STUDY OF STATIC THRUST AUGMENTATION USING A 2-D==ETC{U)
DEC 79 E KEDEM

UNCLASSIFIED AFIT/GAE/AA/730=7 NL

2a2 END

ary
g FumEn
a9t

AD=-AD79 857

o—




"UNCLASSTFTED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

J

thrust augmenting ratio and the isentropic thrust augmenting ratio.
The free thrust augmenting ratio is the ratio of the ejector's measured
thrust to the sum of the nozzles' measured thrust, if each of them were
discharged separately to ambient pressure. The isentropic thrust augmenting
ratio is the ratio of the ejector's measured thrust to the calculated
thrust of the nozzles if discharged isentropically to the ambient pressure.
A free thrust augmentating ratio as high as 163 and an isentropic
thrust augmenting ratio of up to 1.29 were obtained. Mass augmentation
vhich is the ratio of secondary flow to primary flow was in thre range of
3.5 to 5. Some conclusions concerning design aspects were drawn also.
They include the necessity of 3-D shrouding for the ejector's inlet and

exit and the prevention of blowing high velocity air (primary and BIC
flow) tangential to the ejector walls.

UNCLASSIFIED

SECURITY CLASSIFICATION OF Tu'c PAGE(When Date Entered)

e




